Aluminum (Al) toxicity is a global issue that severely limits root growth in acidic soils. Isolation of suppressors of the Arabidopsis thaliana Al-hypersensitive mutant, als3-1, resulted in identification of a cell cycle checkpoint factor, ALUMINUM TOLERANT2 (ALT2), which monitors and responds to DNA damage. ALT2 is required for active stoppage of root growth after Al exposure, because alt2 loss-of-function mutants fail to halt root growth after Al exposure, do not accumulate CyclinB1;1 in the root tip, and fail to force differentiation of the quiescent center. Thus, alt2-1 mutants are highly tolerant of Al levels that are severely inhibitory to the wild type. The alt2-1 allele is a loss-of-function mutation in a protein containing a putative DDB1-binding WD40 motif, previously identified as TANMEI, which is required for assessment of DNA integrity, including monitoring of DNA crosslinks. alt2-1 and atr loss-of-function mutants, the latter of which affects the cell cycle checkpoint ATAXIA TELANGIECTASIA-MUTATED AND RAD3-RELATED, are severely sensitive to DNA crosslinking agents and have increased Al tolerance. These results suggest that Al likely acts as a DNA-damaging agent in vivo and that Al-dependent root growth inhibition, in part, arises from detection of and response to this damage by TANMEI/ALT2 and ATR, both of which actively halt cell cycle progression and force differentiation of the quiescent center.
INTRODUCTION
Al toxicity is a critical worldwide agricultural problem that severely limits crop productivity in acid soil regions, because Al 3+ , which is the predominant form in low-pH environments, strongly inhibits root growth (Kochian, 1995) . Plants have evolved various strategies for coping with Al in their environment, including enhanced Al resistance, which effectively prevents Al internalization, and enhanced Al tolerance, which results in increased capability to accommodate Al after uptake. Mechanisms that plants use to exclude Al include increased exudation of Alchelating organic acids into the rhizosphere by organic acid transporters that release malate or citrate after Al exposure (Sasaki et al., 2004; Hoekenga et al., 2006; Furukawa et al., 2007; Magalhaes et al., 2007) .
Determination of Al tolerance mechanisms and the basis of Aldependent root growth inhibition have been largely intractable problems because of the predicted complexity of Al toxicity. This results from the extensive number of potential cellular targets that Al 3+ is speculated to have, with it being predicted that modification of any one target would lead to only an incremental increase at best in root growth in the presence of Al (Kochian, 1995) . Targets include both apoplastic and symplastic binding sites, including sites within the nucleus (Matsumoto et al., 1976; Lazof et al., 1994) . Additionally, several studies that have attempted to identify important genes that mediate the response to Al toxicity in various plant model systems have revealed that hundreds of genes are upregulated after Al treatment (Chandran et al., 2008; Kumari et al., 2008) , making it extremely difficult to sort out which genes are directly related to mediating response to Al and which are secondarily related to Al toxicity. Consequently, because of the indiscriminate nature of Al 3+ and the global changes in gene expression it elicits, determination of the biochemical cause for Aldependent root growth inhibition has been elusive.
Work toward determining the mechanisms by which plants cope with internalized Al has relied on identification of mutants with increased Al sensitivity (als mutants), with the expectation being that loss of factors required for Al tolerance would severely compromise mutant root growth in an Al-toxic environment. als3-1 was identified as an Arabidopsis thaliana mutant that, in the absence of Al, was indistinguishable from wild-type Columbia ecotype (Col-0), yet was severely stunted at all growth meristems in the presence of levels of Al that were only mildly inhibitory to the wild type (Larsen et al., 1997) . Map-based cloning of als3-1 revealed that it is a loss-of-function mutation in a previously uncharacterized ABC transporter-like protein, which is primarily localized to the plasma membrane of the root tip and vasculature of the plant (Larsen et al., 2005) . Localization analysis suggests that ALS3 is required for Al movement, possibly from the root tip to the vasculature for redistribution to and sequestration to lesssensitive tissues. Loss of capability to redistribute internalized Al would lead to inappropriate buildup of Al within the root tip, thus enhancing the toxic effects of Al and leading to the Al-hypersensitive phenotype seen for als3-1. It is likely that ALS3 works in conjunction with two other transporters required for Al tolerance, including orthologs of rice (Oryza sativa) Nrat1, which is an Nramp transporter responsible for entrance of Al into the symplast of root cells (Xia et al., 2010) , and Arabidopsis ALS1 (Larsen et al., 2007) , which is a half-type ABC transporter predicted to be responsible for sequestration of internalized Al into the vacuole.
Although the mechanisms of Al sequestration bear further study, the als3-1 mutant also represents a unique opportunity for identification of suppressor mutations that give enhanced Al tolerance, presumably through modification of either Al targets or mechanisms responsible for Al-dependent root growth inhibition (Gabrielson et al., 2006) . A recent report in which this suppressor mutagenesis approach was undertaken revealed that Al-dependent root growth inhibition is largely an active process mediated by Ataxia telangiectasia mutated related (ATR) (Gabrielson et al., 2006; Rounds and Larsen, 2008) , which is a Ser/Thr protein kinase that is universally required for monitoring DNA integrity in eukaryotes. ATR functions in Arabidopsis as a cell cycle checkpoint, detecting DNA damage and subsequently halting cell division (Culligan et al., 2004; Culligan et al., 2006) . The atr knockout is severely sensitive to clastogenic and genotoxic stresses, likely because of failure to initiate the necessary repair program for correcting the consequent DNA damage. Unlike stresses, such as g2 and UV-radiation, loss of ATR function paradoxically leads to increased tolerance to Al in conjunction with failure to halt cell cycle progression and force differentiation of the root quiescent center (QC) (Rounds and Larsen, 2008) . This suggests that Al functions as a mild genotoxic agent that leads to stoppage of root growth by an ATR-regulated pathway. Such a model is consistent with reports documenting the relationship of Al to Alzheimer's disease, in which it is argued that Al reversibly interacts with DNA, causing DNA to assume the Z-DNA conformation in vivo (Karlik and Eichhorn, 1989; Anitha and Rao, 2002; Suram et al., 2002) . A shift to the Z-conformation would be expected to have severe effects on gene expression and chromosome structure, with these Al-dependent changes likely activating an ATR-mediated response pathway. Here, further als3-1 suppressor screening has led to identification of TANMEI/ALT2, which apparently works in conjunction with ATR to detect Al-dependent DNA damage and actively halt root growth to allow for repair of this damage.
RESULTS

Isolation and Analysis of alt2-1
To further examine the mechanism by which Al-dependent DNA damage is detected and root growth is subsequently inhibited, additional als3-1 suppressors were identified by screening for mutants that reversed the severe Al sensitivity of als3-1 in a soaked gel environment containing 0.75 mM AlCl 3 (pH 4.2). Such a growth environment results in a level of Al toxicity, as measured by root growth inhibition, that is equivalent to ;25 mM AlCl 3 in an acidic hydroponic environment (pH 4.2) (Larsen et al., 1996) . AlCl 3 in acidic soils is usually considered to be highly toxic to Alsensitive plant species at concentrations $100 mM. A recessive als3-1 suppressor mutant, alt2-1, was isolated from this screen; alt2-1 als3-1 plants show strong root growth across a range of Al concentrations compared with als3-1 ( Figures 1A and 1B) .
The suppressor mutant was subsequently characterized to determine the physiological basis for als3-1 suppression. Alresponsive phenomena, such as Al-inducible gene expression, callose production ( Figure 1D ), and Al uptake ( Figure 1E ), were evaluated to determine whether the increase in root growth seen for alt2-1 als3-1 compared with als3-1 and wild-type Col-0 was dependent on enhanced Al resistance or tolerance. RNA gel blot analysis was performed using total RNA isolated from 7-d-old roots of wild-type Col-0, als3-1, or alt2-1 als3-1 that were either untreated or treated for the last 24 h of growth with 25 mM AlCl 3 (pH 4.2) in a hydroponic environment. As stated previously, 25 mM AlCl 3 (pH 4.2) in a hydroponic environment represents a concentration that is moderately inhibitory to Arabidopsis root growth, with the vast majority of Al predicted to be in the phytotoxic Al 3+ form at pH 4.2 (Martin, 1991) . For this analysis, a gene encoding an Al-responsive malate transporter, ALMT1 (Gabrielson et al., 2006; Hoekenga et al., 2006) , was used as a probe to determine qualitatively whether alt2-1 als3-1 roots responded similarly to wild-type Col-0 and als3-1. If the increase in growth seen for alt2-1 als3-1 roots was caused by increased Al resistance, it would be expected that Al-responsive gene expression for alt2-1 als3-1 roots would be lower than what is seen for wild-type Col-0. As shown in Figure 1C , there was no reduction in Al-responsive gene expression in roots of alt2-1 als3-1 compared with what was observed for both wild-type Col-0 and als3-1. This indicates that alt2-1 al3-1 roots are experiencing Al stress, which is indicative of enhanced Al tolerance in the suppressor mutant rather than increased Al exclusion.
The polysaccharide callose is produced in the root tip after Al treatment and is considered to be an excellent qualitative indicator of Al stress responses (Horst et al., 1997) . Wild-type Col-0, als3-1, and alt2-1 als3-1 roots were grown for 6 d in a hydroponic environment, after which seedlings were treated with either 0 or 25 mM AlCl 3 (pH 4.2) for 24 h. Seedlings were subsequently stained with aniline blue, and callose accumulation was visualized using fluorescence microscopy. As shown in Figure 1D , in the absence of Al, there is no fluorescence in roots stained with aniline blue. By contrast, Al treatment resulted in comparable patterns of callose accumulation for wild-type Col-0, als3-1, and alt2-1 als3-1 roots, which is consistent with alt2-1 als3-1 roots experiencing Al stress similarly to both wild-type Col-0 and als3-1.
Increased Al resistance would lead to reduced Al uptake, so it was also determined whether alt2-1;als3-1 roots accumulate Al to levels that are comparable with wild-type Col-0 and als3-1. For this analysis, wild-type Col-0, als3-1, and alt2-1;als3-1 were grown in a hydroponic environment (pH 4.2) for 5 d, after which seedlings were exposed to either 0 or 25 mM AlCl 3 (pH 4.2) for 48 h. Root tissue was subsequently washed, harvested, and dried, after which samples were washed in nitric acid for analysis of Al content using inductively coupled plasma optical emission spectroscopy (ICP-OES). As shown in Figure 1E , quantification of total Al content revealed that there was no reduction in Al content for alt2-1 als3-1 roots compared with wild-type Col-0 and als3-1. Taken together, these findings demonstrate that the capability of the alt2-1 mutation to suppress the Al-hypersensitivity phenotype of als3-1 arises from enhanced tolerance to internalized Al rather than increased Al resistance.
ALT2 Encodes a WD40 Protein Required for Al Tolerance
A map-based cloning was used to isolate the alt2-1 mutation, which localized to the bottom one-half of Arabidopsis chromosome 4 (Figure 2A ). Sequence analysis of candidate genes within the mapped interval revealed that the mutation has a nucleotide substitution in At4g29860, which encodes a poorly characterized DDB1-binding WD40 (DWD)-motif-containing WD40 protein previously named TANMEI (Yamagishi et al., 2005) . Severe loss-of-function mutations in TANMEI are embryo lethal, but the alt2-1 mutation encodes a weak loss-of-function allele, allowing us to examine its role in plant growth and development. The lethality associated with the severe loss-of-function mutation likely results from complete loss of capacity to detect and respond to even basal levels of DNA damage, whereas lesssevere alleles, such as alt2-1, can survive unless challenged with harsh genotoxic agents.
Sequence analysis indicated that TANMEI/ALT2 possesses seven putative WD40 repeats (Yamagishi et al., 2005) , with the alt2-1 mutation causing a substitution of R for G at the beginning of the C-terminal WD40 domain at amino acid 340 ( Figure 2B ). alt2-1 is recessive, so this amino acid substitution likely reduces the function of ALT2 in a currently unknown manner. Additionally, the recessive nature of the alt2-1 mutation indicates that it is required for actively halting root growth in response to Al toxicity. Based on the documented intracellular roles of other related WD40 proteins, such as Arabidopsis Cockayne syndrome factor A (CSA) (Biedermann and Hellmann, 2010) , it is likely that ALT2 serves as a platform for assembly of a complex of factors responsible for detection and initiation of repair of DNA damage, including damage that arises from Al toxicity.
To verify that the mutation identified was indeed alt2-1, a wildtype genomic construct representing the full genomic sequence of At4g29860, including 1 kb of the promoter, the 59 untranslated region (UTR), all exons and introns, and the 39 UTR, was constructed and cloned into pBI101. Functional complementation was performed by Agrobacterium-mediated transformation of the wild-type At4g29860 genomic construct into the alt2-1;als3-1 mutant. Transformants were selected based on kanamycin resistance, after which homozygous T2 progeny were tested for their capability to grow in the presence of 0.75 mM AlCl 3 in a soaked gel environment (pH 4.2). Introduction of the wild-type genomic version of At4g29860 resulted in full restoration of the als3-1 Al hypersensitivity phenotype to alt2-1 als3-1 seedlings ( Figure 2C ).
A second Col-0 allele, alt2-2, was identified through the use of a TILLING approach (Henikoff et al., 2004) . The alt2-2 mutation results in substitution of E for G at amino acid 213 of the protein sequence. Wild-type Col-0, alt2-1, and alt2-2 roots were subsequently compared for their capability to grow in the presence of 1.50 mM AlCl 3 in a soaked gel environment (pH 4.2). The alt2-2 allele, which is also recessive, was indistinguishable from alt2-1 when grown in the presence of a level of Al that is highly inhibitory to wild-type root growth ( Figure 2D ).
RNA gel blot analysis was used to determine the expression pattern of ALT2 in Arabidopsis. For this analysis, wild-type Col-0 and alt2-1 seedlings were grown in a hydroponic environment (pH 4.2) for 6 d, after which seedlings were transferred to growth media supplemented with either 0 or 25 mM AlCl 3 (pH 4.2) for 24 h. After treatment, root tissue was collected, and total RNA for gel blot analysis was isolated. ALT2 is constitutively expressed in a non-Al-responsive manner in roots ( Figure 2E ). There was no apparent effect of the alt2-1 mutation on ALT2 expression, because ALT2 transcript levels were comparable between wild-type Col-0 and alt2-1. RNA gel blot analysis of ALT2 in other Arabidopsis organs revealed that ALT2 is universally expressed throughout the plant, including in leaves, stems, and flowers ( Figure 2F ).
It was of interest to determine the impact that the alt2-1 mutation would have on Al tolerance when isolated from the als3-1. For this, alt2-1 als3-1 was backcrossed to wild-type Col-0, and progeny that were homozygous for alt2-1 but did not carry the als3-1 mutation were identified. Comparison of the alt2-1 mutant to wild-type Col-0 in the absence or presence of 1.00 mM AlCl 3 in a soaked gel environment (pH 4.2) shows that ALT2 is strictly required for normal response to Al toxicity, because loss of ALT2 function gives a substantive increase in root growth after Al treatment even in comparison to wild-type Col-0 ( Figure 2G) .
Loss of ATR function results in a similar increase in Al tolerance as seen for our alt2-1 mutant. Both factors are involved in assessment of DNA integrity, so it was of interest to determine whether they function together or independently to halt root growth after Al treatment. To test this, an atr-4 alt2-1 double mutant, which represents Al-tolerant loss-of-function mutations in both ATR (Rounds and Larsen, 2008) and ALT2, was generated. atr-4 alt2-1, the respective mutant parents, and wild-type Col-0 were grown in the absence or presence of 1.25 mM AlCl 3 in a soaked gel environment (pH 4.2). The double mutant showed no additive increase in Al tolerance compared with the single mutants, suggesting that ATR and ALT2 function in an epistatic manner to detect Al-dependent damage and actively halt root growth ( Figure 2H ). It should be noted that a complete loss-offunction allele of ALT2, tanmei, is embryo lethal, whereas atr loss-of-function mutants are not. Likely ATR and ALT2 have overlapping yet distinct responsibilities, with the epistatic relationship relating to detection of Al-dependent damage.
ALT2 is structurally similar to the previously mentioned Arabidopsis CSA, which is a WD40 protein strictly required for growth after exposure to UV-B radiation (Biedermann and Hellmann, 2010) . Therefore, it was of interest to determine whether CSA is also required for Al-dependent inhibition of root growth. A T-DNA insertion loss-of-function mutant for CSA was identified and tested for capability for root growth in an Al-toxic environment. As shown in Figure 2I , loss of CSA function did not result in the measurable increase in Al tolerance that is seen for roots of alt2 loss-of-function mutants, thus indicating that CSA and ALT2 do not overlap in function with regard to detection of Al toxicity.
Finally, as with our atr-4 mutant (Rounds and Larsen, 2008) , roots of the alt2-1 mutant were found to have increased tolerance 
ALT2 Functions as an Al-Responsive Cell Cycle Checkpoint
Previously, it was found that inhibition of root growth after Al treatment was correlated with both hyperaccumulation of CyclinB1;1 in the root tip, which is correlated with blockage of cell cycle progression, and forced differentiation of the root QC (Rounds and Larsen, 2008) . Loss of function of the cell cycle checkpoint ATR, which leads to a substantial increase in Al tolerance, results in lack of accumulation of CyclinB1;1 along with maintenance of the QC even in the presence of levels of Al that are normally severely inhibitory (Rounds and Larsen, 2008) . Because of this and the apparent relationship between ALT2 and ATR, it was of interest to assess the effect of loss of ALT2 on cell cycle progression and QC maintenance. For assessment of CyclinB1;1 accumulation, the CycB1;1: b-glucuronidase (GUS) reporter was introgressed into the alt2-1 background. Seedlings of wild-type Col-0 and alt2-1 carrying the reporter construct were grown for 7 d in a soaked gel environment supplemented with 0, 0.75, or 1.50 mM AlCl 3 (pH 4.2), after which seedlings were stained for GUS activity. Whereas treatment of wild-type Col-0 seedlings carrying the CycB1;1:GUS reporter (Coló n-Carmona et al., 1999) resulted in the previously observed increase in CyclinB1;1 levels in the root tip both at moderate and high levels of Al, no GUS activity was observed in alt2-1 CycB1;1:GUS roots after Al exposure ( Figure 3A ). This indicates that, unlike wild-type roots, cell cycle progression is not halted in alt2-1, with this likely contributing to the sustained root growth seen for the alt2-1 mutant in the presence of normally inhibitory levels of Al.
For assessment of the status of the QC, QC46, a GUS reporter gene inserted downstream of a QC-specific promoter (Sabatini et al., 2003) was introgressed into the alt2-1 mutant background. Seedlings of wild-type Col-0 and alt2-1, each carrying QC46, were grown in the absence or presence of 1.50 mM AlCl 3 in a soaked gel environment (pH 4.2) for 7 d, after which seedlings were stained for GUS activity. In the absence of Al, both wildtype Col-0 and alt2-1 roots displayed clear staining at the expected location of the QC ( Figure 3B ). In the presence of a highly inhibitory concentration of Al, wild-type Col-0 roots had no detectable staining for the QC, thus indicating that Al forces terminal differentiation of the root. By contrast, alt2-1 had normal GUS staining at the QC in the presence of Al, which suggests that maintenance of root growth in the alt2-1 mutant is in part dependent on maintenance of the QC even at concentrations of Al that force QC differentiation in the wild type. Taken together, ALT2 functions with ATR to halt the cell cycle and force QC differentiation in response to Al-dependent damage, thus leading to Al-dependent stoppage of root growth.
Response of alt2-1 Roots to Genotoxic Agents TANMEI/ALT2 is predicted to be a DWD-motif-containing WD40 protein, homologs of which have been implicated in detection of DNA damage (Koga et al., 2006; Al Khateeb and Schroeder, 2007; Lee et al., 2008; Molinier et al., 2008; Biedermann and Hellman, 2010) , so it was of interest to determine whether there is a role for this factor in assessment of DNA integrity. DWD proteins, such as CSA (Biedermann and Hellmann, 2010) , interact as part of Cullin4-based E3 ligases, which are also composed of a substrate adaptor, either DDB1a or DDB1b, and the WD40 protein DDB2 (Al Khateeb and Schroeder, 2007; Molinier et al., 2008) . No compelling evidence was found that ALT2 is capable of interacting with any of these components either in yeast twohybrid or in vitro binding assays (C.D. Nezames and P.B. Larsen, unpublished data). (A) Wild-type Col-0 and alt2-1 seedlings, each of which carried a transgene encoding a truncated version of the CDS of CyclinB1;1 including a predicted mitotic destruction box fused to the GUS reporter, were grown for 7 d in the absence or presence of increasing concentrations of AlCl 3 in a soaked gel environment (pH 4.2), after which seedlings were stained for GUS activity. (B) Wild-type Col-0 and alt2-1, each of which carried a GUS-based marker for the root QC (QC46), were grown for 7 d in the absence or presence of a highly inhibitory level of AlCl 3 in a soaked gel environment (pH 4.2), after which seedlings were stained for GUS activity.
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To determine whether ALT2 is required for detection of DNA damage, the alt2-1 mutant was tested for its response to various genotoxic and clastogenic agents. Previous work has shown that loss of factors such as ATR leads to extreme sensitivity to the replication fork poison hydroxyurea (HU). A severe loss-offunction atr mutant is extremely sensitive to HU yet highly Al tolerant (Rounds and Larsen, 2008) , so it was of interest to determine whether our alt2-1 mutant responded similarly to HU. For this analysis, untreated 4-d-old wild-type Col-0 and alt2-1 seedlings were grown for an additional 3 d in a hydroponic environment in the absence or presence of 1 mM HU, after which root length was measured. Unlike atr-2, which is severely inhibited by HU compared with wild-type Col-0, there was no apparent increase in sensitivity for roots of the alt2-1 mutant, indicating that ALT2 is not absolutely required for response to HU stress ( Figure 4A ). Consistent with this, alt2-1 mutants carrying the CycB1;1:GUS reporter showed the capability, albeit somewhat reduced, to accumulate CyclinB1;1 and consequently arrest the cell cycle after HU treatment ( Figure 4A ).
One consequence of Al treatment is increased DNA fragmentation (Lankoff et al., 2006; Achary et al., 2008; Rounds and Larsen, 2008; Yi et al., 2010) , although it is unclear whether this DNA damage is relevant to Al-dependent root growth inhibition. To determine the extent of DNA fragmentation in alt2-1 roots after Al treatment, wild-type Col-0 and alt2-1 seedlings were grown for 7 d in the absence or presence of 1.50 mM AlCl 3 in a soaked gel environment (pH 4.2), after which root tips were harvested for isolation of nuclei for analysis of DNA integrity using the Comet assay under neutral conditions. As with our atr-4 mutant (Rounds and Larsen, 2008) , both Al-treated wild-type Col-0 and alt2-1 roots had a measurable increase in DNA fragmentation after treatment, with levels of Al that are severely inhibitory to wild-type roots, which indicates that neither atr-4 nor alt2-1 prevent Al-dependent damage but rather fail to detect it ( Figure 4B) .
To determine the importance of DNA fragmentation and other types of DNA damage to Al-dependent root growth inhibition, the response to Al of Arabidopsis mutants with reduced capacity to repair DNA damage was assessed. uvh1 is a loss-of-function mutant affecting an essential DNA repair nuclease (Liu et al., 2000; Preuss and Britt, 2003) , XPF, which is required for excision of damaged nucleotides and intermolecular crosslinks and also participates in repair of double-strand breaks (DSBs). Consequently, uvh1 mutants are extremely sensitive to stresses, such as UV and g radiation, that cause DNA damage, because the mutant results in hyperactivation of a cell cycle arrest program in response to reduced capability for repair of DNA damage (Preuss and Britt, 2003) . If the capability to repair DNA fragmentation is necessary for growth in an Al-containing environment, it would be expected that uvh1 mutants would be severely sensitive to Al compared with the wild type. Instead, growth of uvh1-1 in the presence of a range of Al concentrations in a soaked gel environment (pH 4.2) showed that uvh1-1 is only slightly sensitive to Al ( Figure 4C ). This indicates that, unlike UV and g radiation (Preuss and Britt, 2003) , the capability to repair DNA damage, including DSBs, is not essential for growth in the presence of Al. This is consistent with our model, which predicts that Al activates an ATR-and ALT2-dependent DNA damage response mechanism that leads to root growth inhibition even though the effects of Al on DNA integrity likely are mild and reversible.
This model is also supported by analysis of the response of loss-of-function lig4 and lig6 mutants, both of which represent defects in ligase enzymes that are critical for the repair of DSBs (Waterworth et al., 2010) . For this analysis, wild-type Col-0, lig4, and lig6 were grown in the absence or presence of a range of Al concentrations in a soaked gel environment (pH 4.2). As shown in Figure 4D , lig4 mutant roots were indistinguishable from wildtype Col-0 roots, indicating that LIG4 does not play a role in repair of Al-dependent damage in Arabidopsis roots. By contrast, there was a modest increase in Al sensitivity for lig6 mutant roots across the range of Al concentrations, suggesting that LIG6 is required for normal growth in the presence of Al. Taken together with our results from analysis of uvh1, Aldependent DSBs, such as observed by our Comet analysis ( Figure 4B ), likely have a negative consequence on genome integrity and plant vitality; however, these effects are modest at best, because the tested mutants are not nearly as hypersensitive to Al as they are to other DSB-inducing treatments, such as UV and g radiation.
Al-dependent DSBs have a measurable negative impact on root growth, so it was of interest to determine whether ALT2 was responsible for detection of and/or response to this type of DNA damage. It was expected that if ALT2-dependent root growth inhibition after Al exposure resulted from promotion and detection of DNA fragmentation, our alt2-1 mutant would also have an altered response to bleomycin. Bleomycin is a glycopeptide antibiotic that causes DNA breakage presumably through the generation of free radicals (Heitzeberg et al., 2004) . Treatment of wild-type Col-0 and alt2-1 seedlings with a level of bleomycin (0.1 mg/mL) that is moderately inhibitory to the wild type revealed no apparent difference in root growth between the mutant and the wild type ( Figure 4E ), indicating that alt2-1 does not have an altered response to chemically induced DNA fragmentation. Therefore, although DNA fragmentation occurs after Al treatment, it is likely that with regard to ALT2 function this represents an unrelated consequence of Al toxicity rather than the trigger for ALT2-mediated Al-dependent root growth inhibition.
Arabidopsis RAD17 encodes a factor required for DNA damage repair that is homologous to the Schizosaccharomyces pombe RAD17 factor, which is responsible for regulating binding of the 9-1-1 (Rad1/Hus1/Rad9) checkpoint complex to damaged DNA and subsequently causing cell cycle arrest (Heitzeberg et al., 2004) . A loss-of-function rad17-1 mutant is hypersensitive to both bleomycin and an interstrand DNA crosslinking agent, mitomycin C (MMC), because of failure to initiate repair of DNA damage in the mutant. Loss of RAD17 function leads to reduced capacity for DNA repair, so it was of interest to determine the effect Al has on rad17-1 to understand further the genotoxic consequences of Al treatment. For this analysis, Ler and rad17-1 were grown in the presence of a range of Al concentrations in a soaked gel environment (pH 4.2), after which root length was measured. As with uvh1-1 and lig6, rad17-1 was found to have a mild increase in sensitivity to a range of Al concentrations ( Figure  4F ), likely because of failure to repair the modest DNA damage that occurs with Al treatment. (A) Wild-type (wt) Col-0 and alt2-1 were grown in the absence or presence of 1 mM HU for 7 d in a hydroponic environment, after which root length was measured. Mean 6 SE values were determined from 30 seedlings. Inset photographs show wild-type Col-0 and alt2-1 seedlings, carrying the CycB1;1: GUS transgene, that were grown for 7 d either in the absence or presence of HU and subsequently stained for GUS activity. (B) Comet assay analysis under neutral conditions was performed for nuclei isolated from roots of wild-type Col-0 or alt-1 grown for 7 d in the absence or presence of 1.50 mM AlCl 3 in a soaked gel environment (pH 4.2). Mean 6 SE values were determined from 250 nuclei. (C) Wild-type Col-0 and uvh1-1, which is a mutation in a DNA repair endonuclease required for repair of double-strand DNA breaks and interstrand crosslinks, were grown for 7 d in the absence or presence of increasing concentrations of AlCl 3 in a soaked gel environment (pH 4.2), after which root length was measured. Mean 6 SE values were determined from 30 seedlings. (D) Wild-type Col-0, lig4, and lig6, the latter two of which represent loss-of-function mutations affecting factors required for repair of DSBs, were grown for 7 d in the absence or presence of increasing concentrations of AlCl 3 in a soaked gel environment (pH 4.2), after which root length was measured. Mean 6 SE values were determined from 30 seedlings. (E) Wild-type Col-0 and alt2-1 seedlings were grown in the absence or presence of 0.1 mg/mL bleomycin, which promotes DNA fragmentation in vivo, for 7 d, after which root length was measured. Mean 6 SE values were determined from 30 seedlings.
The Plant Cell ALT2 Functions to Detect DNA Crosslinks in Vivo alt2-1 does not have altered response to bleomycin, yet both uvh1-1 and rad17-1 have increased sensitivity to MMC (Gallego, et al., 2000; Heitzeberg et al., 2004) in conjunction with a mild increase in Al sensitivity, so it was of interest to test the response of our Al-tolerant mutants to DNA crosslinking agents. Comparison of growth of roots of atr-2 and alt2-1 with wild-type Col-0 after 7 d in the absence or presence of a concentration of MMC that is only mildly inhibitory to the wild type (15 mg/mL) revealed that both atr-2 and alt2-1 roots are severely sensitive to this crosslinking agent compared with the wild type ( Figure 5A ). The response of atr-2 and alt2-1 roots to the intrastrand DNA crosslinking agent cisplatin (CDDP) (Osakabe et al., 2006) was also tested. For this analysis, wild-type Col-0, atr-2, and alt2-1 seedlings were grown for 7 d in the absence or presence of 5 mM of CDDP, which is a concentration that is only mildly inhibitory to wild-type root growth. As with MMC, it was found that both atr-2 and alt2-1 roots are severely sensitive to CDDP compared with the wild type ( Figure 5B ), which indicates that both ATR and ALT2 are absolutely required for Arabidopsis root growth in the presence of DNA crosslinking agents.
ALT2 Localizes to the Nucleus in Response to DNA Damage
Factors responsible for detection of DNA damage have been documented to translocate to the nucleus after treatment with agents of DNA damage (Molinier et al., 2008) . A transgenic alt2-1 als3-1 line carrying a Pro ALT2 :ALT2:green fluorescent protein (GFP) transgene was generated, after which transgenic roots were analyzed for localization of ALT2:GFP. For this analysis, seedlings were grown in a hydroponic environment (pH 4.2) for 6 d, after which they were transferred to either control media or media supplemented with 100 mM AlCl 3 , 20 mg/mL MMC, or 10 mM CDDP for 24 h. Using confocal microscopy, it was found that ALT2:GFP is mainly localized to the cytoplasm throughout the root tip in untreated roots ( Figure 5C ). By contrast, ALT2:GFP was largely localized to the nucleus of the root tip after treatment with AlCl 3 , MMC, or CDDP, which is consistent with its predicted role in assessment of DNA integrity.
Al Affects DNA-DNA Interactions in Vivo ALT2 and ATR are required for detection of DNA crosslinks and loss of either confers increased Al tolerance, so it was of interest to determine whether Al also fosters DNA-DNA interactions in vivo. To assess this, a modified version of the Comet assay was used (Hartley et al., 1999) . For this, seedlings were grown in either the absence or presence of bleomycin to induce DNA fragmentation. A subset of bleomycin-treated seedlings was also exposed to either highly inhibitory levels of MMC or AlCl 3 , after which roots were collected, and nuclei were isolated for analysis using the Comet assay under alkaline conditions. Based on this modified Comet assay, chemicals that promote DNA-DNA interactions, such as MMC, should reduce the size of the tail moment, because DNA fragments resulting from bleomycin treatment would be held in the nucleus by these interactions. Treatment with MMC reduced the size of the tail moment nearly to that seen for the untreated control (93.00 6 0.04% reduction) ( Figure 5D ), which is consistent with the DNA crosslinking activity of MMC. Although not as profound as MMC, addition of AlCl 3 also significantly reduced the size of the tail moment (38.78 6 0.06% reduction) compared with the bleomycin-treated sample, suggesting that Al promotes DNA-DNA interactions in vivo. It is likely that the difference between Al and MMC arises from Al interacting with DNA in a noncovalent manner in comparison to MMC, which forms covalent crosslinks between DNA strands. This is consistent with what has been described for Al in reports on Alzheimer's disease, where it has been shown that Al reversibly binds to DNA (Karlik et al., 1980; Karlik and Eichhorn, 1989) and alters its topology (Anitha and Rao, 2002; Suram et al., 2002) .
alt2-1 Fails to Halt Cell Cycle Progression in the Presence of DNA Crosslinking Agents
Our work with the alt2-1 mutant carrying the CycB1;1:GUS reporter demonstrates that ALT2 is required for normal accumulation of CyclinB1;1 after Al treatment, indicating that ALT2 functions as a cell cycle checkpoint after Al stress. ALT2 is absolutely required for detection of and response to DNA crosslinking agents, so it was of interest to determine whether alt2-1 mutants would have normal accumulation of CyclinB1;1 after treatment with either MMC or CDDP. Treatment with either MMC or CDDP results in severe root growth inhibition for alt2-1, with the morphology of the treated roots being indistinguishable from wild-type Col-0 roots treated with severely inhibitory levels of Al. CyclinB1;1 did not accumulate in alt2-1 roots after treatment with either 15 mg/mL MMC or 5 mM CDDP, indicating that alt2-1 roots are incapable of halting the cell cycle to promote repair of the crosslinking damage that occurs with these chemicals ( Figure  5E ). Evans blue staining after treatment indicated that MMC and CDDP treatments did not affect the viability of wild-type Col-0 or alt2-1 roots. This is in contrast with wild-type Col-0 roots exposed to heat stress, which showed clear Evans blue staining throughout the root tip.
DISCUSSION
Based on our results, we conclude that ALT2 is required for normal detection of and response to agents that alter DNA-DNA, and possibly DNA-protein, interactions in Arabidopsis. Loss of (F) Ler and rad17-1, which is required for DNA repair after treatment with bleomycin or MMC, were grown for 7 d in the absence or presence of increasing concentrations of AlCl 3 in a soaked gel environment (pH 4.2), after which root length was measured. Mean 6 SE values were determined from 30 seedlings. ALT2 Detects DNA Damage (A) Wild-type (wt) Col-0, alt2-1, and atr-2 seedlings were grown in the absence or presence of the DNA crosslinking agent MMC for 7 d, after which root length was measured. Mean 6 SE values were determined from 30 seedlings. (B) Wild-type Col-0, alt2-1, and atr-2 seedlings were grown in the absence or presence of the DNA crosslinking agent CDDP for 7 d, after which root length was measured. Mean 6 SE values were determined from 30 seedlings. (C) alt2-1 als3-1 seedlings carrying a Pro ALT2 :ALT2:GFP transgene were analyzed via confocal microscopy for the subcellular localization pattern of ALT2:GFP in the absence or presence of AlCl 3 , MMC, or CDDP. Nuclei were visualized by addition of 49,6-diamidino-2-phenylindole (DAPI). (D) A modified version of the Comet assay under alkaline conditions was used to determine the occurrence of DNA-DNA interactions in vivo. For this analysis, seedlings grown hydroponically (pH 4.2) for 4 d were either left untreated or exposed to a moderately inhibitory concentration of bleomycin (0.1 mg/mL), with a subset of bleomycin-treated seedlings also being exposed to either 20 mg/mL MMC or 100 mM AlCl 3 . After 3 d of treatment, root tips were harvested, and nuclei were isolated for Comet assay analysis. Mean 6 SE values were determined from 250 nuclei. (E) Wild-type Col-0 and alt2-1 seedlings, carrying the CycB1;1:GUS transgene, were grown in the absence or presence of 15 mg/mL MMC or 5 mM CDDP, after which seedlings were stained for either GUS activity or cell viability with Evans blue. As a positive control for Evans blue staining, seedlings were heat shocked at 508C and subsequently stained. Bars in (C) = 5 mM.
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The Plant Cell ALT2 function leads to failure to repair the damage that arises from such DNA damage agents and, in the case of severe crosslinkers, such as MMC and CDDP, leads to termination of growth at the meristems. Interestingly, loss of ALT2 and ATR function results in increased Al tolerance and vigorous root growth after Al treatment, which is opposite to what we see after MMC and CDDP treatment. This paradox likely is related to the observation that Al acts as a mild DNA damage agent in vivo that is severe enough to generate damage that is detected by an ALT2-and ATR-dependent pathway, but does not have immediate consequences for root growth. This likely is attributable to the reversible nature of Al binding to DNA, which has severe consequences on DNA topology but can be easily removed because of the interactions of Al with DNA being electrostatic. Unfortunately, in a soil environment, exposure to Al would likely be chronic, and even though binding is reversible, the constant supply of Al would be expected to lead to perpetual activation of the ALT2-and ATR-mediated pathway and eventually result in terminal differentiation of the root. From our analyses of both alt2 and atr loss-of-function mutants, inhibition of root growth after Al treatment is in part an active process that occurs through blockage of the cell cycle and differentiation of the QC in an ALT2-and ATR-dependent manner. Consequently, ALT2 functions as a DNA damage-responsive cell cycle checkpoint, which as a member of the ATR-mediated pathway arrests cell division at least in part through stabilization of CyclinB1;1 after determination that DNA integrity is compromised, particularly in relation to alteration of DNA-DNA interactions. This is apparently true whether the DNA damage agents are potent, as in the case of MMC and CDDP, or mild, as in the case of Al, because alt2-1 roots fail to accumulate CycB1;1 in response to any of these stresses. Inability to discriminate the severity of DNA damage agents leads to the observed paradox of increased Al tolerance coupled with extreme sensitivity to MMC and CDDP. It is likely that low levels of Ni and Cd also result in effects that are similar to Al, because both atr and alt2 loss-offunction mutants have increased tolerance to these metals (Rounds and Larsen, 2008) .
Based on this paradox with our Al-tolerant mutants, it is unclear whether Al has immediate severe consequences on plant vitality. Even so, it is expected that chronic exposure to Al would lead to progressive accumulation of genetic perturbations because of the extensive evidence relating to Al's effects on DNA in eukaryotes in general (Karlik et al., 1980; Karlik and Eichhorn, 1989; Anitha and Rao, 2002; Suram et al., 2002; Achary et al., 2008) . One intriguing consequence relates to the capability of Al to alter DNA topology from B-DNA to the B-Z intermediate form and the Z-DNA conformation, which would likely have severe effects on various DNA functions (Anitha and Rao, 2002; Suram et al., 2002) . Interestingly, Z-DNA has been demonstrated to have a significantly higher T m than B-DNA, which would be expected to dramatically alter functions such as transcription and nucleosome assembly (Anitha and Rao, 2002; Suram et al., 2002) . Additionally, it has been speculated that such distortions in DNA topology may be interpreted as damage to DNA and/or may increase the susceptibility of DNA to damage or breakage, subsequently leading to activation of DNA repair mechanisms (Bacolla et al., 2004; Zhao et al., 2010) . From our results with our cell cycle checkpoint mutants, we predict that ALT2 and ATR not only serve to detect damage arising from DNA crosslinking agents but also Al-dependent alterations in DNA topology, with these changes triggering cell cycle arrest.
It remains to be determined how ALT2 and ATR function together to detect Al-dependent DNA damage. Work on other DWD-motif-containing WD40 proteins has demonstrated that they function as part of the Cullin4-based E3 ubiquitin ligase complex to facilitate protein turnover as part of initiation of DNA repair. CSA, a closely related homolog of ALT2, interacts directly with components of this Cullin4 complex as part of the mechanism for repair of UV-B-dependent DNA damage (Biedermann and Hellmann, 2010) . It has been argued that presence of the DWD motif is indicative of an interaction with DDB1 and Cullin4 as part of the regulatory mechanism for E3 ubiquitin ligase activity (Lee et al., 2008) . Even so, we have found no evidence that ALT2, which possesses a putative DWD motif, participates in this Cullin4 complex. Attempts to demonstrate that ALT2 associates with Cullin4, DDB1a, DDB1b, and DDB2 in yeast twohybrid and in vitro binding assays have been unsuccessful (C.D. Nezames and P.B. Larsen, unpublished data). Additionally, analysis of ddb1b and ddb2 loss-of-function mutants showed that each have wild-type response to the DNA crosslinking agents MMC and CDDP, which is inconsistent with what has been observed for both alt2 and atr (C.D. Nezames and P.B. Larsen, unpublished data). Although analysis of the ddb1b and ddb2 loss-of-function mutants suggests that there may be a slight increase in Al tolerance in roots of each, we have found no compelling evidence that ALT2 participates in this Cullin4 E3 ubiquitin ligase complex. DWD-motif-containing WD40 proteins function as substrate receptors (Lee et al., 2008) , so it is likely that ALT2 binds to damaged DNA and subsequently recruits an as yet unidentified factor or complex for initiation of a repair mechanism.
The capability of Al to cause DNA damage has been intensively debated with regard to the development of Alzheimer's disease, because Al is found at high levels in brain tissue of individuals diagnosed with this disorder Karlik et al., 1980; McLachlan et al., 1989; Karlik and Eichhorn, 1989) . Homologs of ATR exist in all eukaryotes and DWD-motif-containing proteins have been implicated in detection of DNA damage in both plants and animals, so it is likely that Al has comparable effects and triggers similar responses in eukaryotes in general. Further investigation of the toxic effects of Al on eukaryotes, both in terms of defining the nature of Al-dependent damage and identifying additional components of the pathway required for detecting and responding to Al-dependent DNA damage, is necessary to define the nature of what has been a cryptic stress for both plants and animals.
METHODS
Plants and Growth Conditions
For all soaked gel and hydroponic experiments, seedlings were grown as previously described (Larsen et al., 1996) . For treatment with HU (Fisher Scientific), plants were grown as previously described (Rounds and Larsen, 2008) . For treatment with MMC (Fisher Scientific), bleomycin ALT2 Detects DNA Damage 11 of 14 (EMD Chemicals), or CDDP (Sigma-Aldrich), chemicals were added directly to the agar-containing plant nutrient media. Seeds were subsequently sowed and allowed to grow for 7 d, after which roots were measured.
Phenotypic Assessment of alt2-1 RNA gel blot analyses, visualization of callose deposition, and measurement of Al uptake using ICP-OES were all performed as previously described (Gabrielson et al., 2006) .
Map-Based Cloning of alt2-1
Genomic DNA isolation and PCR-based mapping was performed as previously described (Rounds and Larsen, 2008) . Candidate genes from the identified region on chromosome 4 were amplified by PCR and sequenced by the Interdisciplinary Center for Biotechnology Research at the University of Florida, Gainesville. Sequences were compared with the published Arabidopsis thaliana genome on The Arabidopsis Information Resource by BLAST to identify potential mutations. Putative mutations were resequenced for verification.
Functional Complementation
Functional complementation was performed by PCR-based generation of a genomic construct representing 1 kb of upstream sequence, the complete CDS for At4g29860, including all exons and introns, and the predicted 39 UTR. Primers used included 59-CATTTCTGTGTTG-GAACTTCTTTG and 39-GATTTATACTTACATATCTATAAATA. The genomic construct was subcloned into pBI101 and transformed into alt2-1 by Agrobacterium-mediated transformation. Primary transformants were selected by screening for kanamycin resistance. Homozygous T3 plants were subsequently analyzed by growth in an Al-containing soaked gel environment (pH 4.2).
GUS and Evans Blue Staining
To generate lines of alt2-1 carrying either the CycB1;1:GUS or QC46 reporters, parent lines were crossed, and F 1 seeds were allowed to selfpollinate. Genomic DNA was extracted from F 2 plants for genotyping. alt2-1 homozygotes were identified by PCR amplification (59-CGAGTCGA-TGGGAAAATTGCAG, 39-AGATATCGAGAGATTTATGGGGAGGATATAG) and subsequent sequencing of the PCR product with 59-ATCCTCATGC-TATGCACTG. F 2 seeds of lines homozygous for either the CycB1;1:GUS or QC46 GUS reporters were identified by staining for GUS activity. GUS and Evans blue staining were performed as previously described (Rounds and Larsen, 2008) .
Comet Assay
The Comet assay under neutral conditions was performed as previously described (Rounds and Larsen, 2008) . To measure occurrence of DNA crosslinking, alkaline Comet assay conditions used were as previously described (Hartley et al., 1999) . For this assay, DNA breakage was induced by treatment with 0.1 mg/mL bleomycin for 3 d, with a subset of samples also grown in the presence of either 20 mg/mL MMC or 100 mM AlCl 3 . All samples were grown at pH 4.2. For both assays, 200 nuclei were measured in an unbiased manner for each sample. The extent of DNA damage was determined using two measurements. The percentage of DNA damage, which refers to the percentage of nuclear DNA in the comet tail, refers to the overall level of DNA damage in the roots. It was calculated as the percentage of fluorescence that migrated in the comet tail. The olive tail moment represents the extent of DNA migration and therefore the pattern of DNA damage. The olive tail moment was calculated as the product of the percentage of DNA in the comet tail compared with the distance between the center of the comet head and tail (Olive et al., 1990) . Both were measured using the Comet Assay IV software, a computer-based image analysis system (Perceptive Instruments).
Subcellular Localization of ALT2
For subcellular localization, a PCR-generated genomic construct representing the ALT2 promoter, 59 UTR, exons, and introns without the native stop codon was fused to the coding sequence of rsGFP in pBI101, without the GUS coding sequence. This was subsequently transformed into alt2-1 als3-1, after which kanamycin-resistant primary transformants were identified. Transformants were then screened for those that restored the als3-1 Al-hypersensitivity phenotype. For analysis of subcellular localization, homozygous T2 lines were analyzed using a Leica SP2 confocal laser microscope. For localization of nuclei, seedlings were stained with 15 mg/mL 49,6-diamidino-2-phenylindole for 30 min prior to visualization.
Accession Numbers
Sequence data from this article can be found in the Arabidopsis Genome Initiative or GenBank/EMBL databases under the following accession numbers: TANMEI/ALT2 (locus At4g29860; GenBank NM_119132); ATR (locus At5g40820; GenBank NM_123447); ALMT1 (locus At1g08430; GenBank NM_100716); CSA1 (locus At1g27840; GenBank NM_102549); LIG4 (locus At5g57160; GenBank NM_125098); LIG6 (locus At1g66730; GenBank NM_105343); ALS3 (locus At2g37330; GenBank NM_129289); UVH1 (locus At5g41150; GenBank NM_123480); RAD17 (locus At5g66130; GenBank NM_126011).
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